Introduction
Apoptosis is a genetically controlled and evolutionarily conserved cell death process. It plays a role in development, in maintenance of tissue homeostasis and in the cellular response to various damaging insults (Steller, 1995; Jacobson et al., 1997) . The list of key players that participate in apoptosis, either negatively or positively, is constantly updated (Ashkenazi and Dixit, 1998; Cryns and Yuan, 1998; Green and Reed, 1998) . Recently, a novel family of pro-apoptotic serine/threonine kinases has been identi®ed (Kawai et al., 1999; Inbal et al., 2000) . DAP (death-associated protein)-kinase (DAPk), the ®rst described member of this family, is a serine/threonine kinase that is regulated by Ca 2+ /calmodulin (CaM) and is localized to the actin cytoskeleton. It participates in a wide variety of apoptotic signals including interferon g, tumour necrosis factor a (TNF-a), Fas and detachment from extracellular matrix (Deiss et al., 1995; Cohen et al., 1997 Cohen et al., , 1999 Inbal et al., 1997) . Four additional kinases that show a signi®cant homology in their catalytic domain to DAPk have recently been identi®ed. ZIP(Dlk)-kinase and DAPkrelated protein-1 (DRP-1) are the closest family members, as their catalytic domains share~80% identity with that of DAPk (Kawai et al., , 1999 Kogel et al., 1998; Inbal et al., 2000) . Two more distant DAPk-related proteins are DAPk-related apoptosis-inducing protein kinase 1 (DRAK1) and DRAK2, displaying~50% identity to DAPk in their kinase domains . ZIP-kinase, DRAK1 and DRAK2 were shown to be nuclear proteins that do not require Ca 2+ /CaM for activation. DRP-1, however, is a cytoplasmic kinase, containing a typical CaM regulatory domain similar to that of DAPk (Inbal et al., 2000) . In this sense, DRP-1 is the closest homologue to DAPk, since it also shares a similar mode of activation by calcium.
DRP-1, also named DAPk-2, was cloned based on its homology to the DAPk catalytic domain. As in the case of DAPk, in vitro kinase assays con®rmed the ability of DRP-1 to phosphorylate an exogenous substrate, myosin light chain (MLC), in a Ca 2+ /CaM-dependent manner. Removal of the CaM regulatory domain converted the enzyme into a constitutively active, Ca 2+ / CaM-independent form. Overexpression of DRP-1 induced cell death, and a dominant-negative DRP-1 mutant protected cells from TNF-a-induced apoptosis, indicating the involvement of DRP-1 in apoptosis (Inbal et al., 2000) . The deathpromoting effects of DRP-1 depend on the integrity of its catalytic activity, as a catalytically inactive DRP-1 mutant was incapable of inducing apoptosis. The last 40 amino acids comprising the C-terminal tail show no homology to DAPk or to any other known proteins and are required for DRP-1 homodimerization. Interestingly, the deathpromoting effects of DRP-1 depended on the presence of this C-terminal tail. Yet, in the absence of the CaM regulatory domain, the C-terminal tail became dispensable in these death assays, an enigma that could not be resolved previously due to the lack of data concerning the precise mode of DRP-1 regulation (Inbal et al., 2000) .
All CaM-regulated kinases share a common mechanism of activation of their catalytic domain by Ca 2+ /CaM. The predicted three-dimensional model and the actual crystal structures of a few CaM-regulated kinases gave rise to some hypothetical models of inhibition (Colbran et al., 1989a,b; Kemp et al., 1991; Knighton et al., 1992) . According to one model, the CaM regulatory domain, which directly binds activated CaM, displays autoinhibitory effects by lying within the catalytic cleft, thereby blocking access of substrate. Binding of CaM Autophosphorylation restrains the apoptotic activity of DRP-1 kinase by controlling dimerization and calmodulin binding The EMBO Journal Vol. 20 No. 5 pp. 1099±1113, 2001 ã European Molecular Biology Organization induces a conformational change that pulls the auto--inhibitory domain away from the active site, thus permitting subsequent catalysis to occur (Matsushita and Nairn, 1998; Yang and Schulman, 1999) .
In addition to the binding of Ca 2+ /CaM, most CaMdependent kinases display additional layer(s) of regulation, largely modulated by phospho-regulatory events. These post-translational modi®cations confer the ®ne-tuning regulation of these proteins and are necessary for eliciting the biological responses. Both autophosphorylations and in trans phosphorylations have been documented, differing in the position of the target serines/ threonines and in their functional effects. For example, CAMKI and CAMKIV require phosphorylation of a unique threonine residue residing within the activation loop of the catalytic domain in order to be activated by Ca 2+ /CaM. This important positive phosphorylation occurs in trans via another Ca 2+ /CaM-dependent kinase, CAMKK (Haribabu et al., 1995; Watanabe et al., 1996; Nairn, 1998, 1999; Soderling, 1999) . In contrast, in the case of CAMKII, an autophosphorylation on Thr286 in the Ca 2+ /CaM regulatory domain renders the kinase partially Ca 2+ /CaM independent. This is a prototypical example of a positive autophosphorylation that serves to relieve the inhibitory effects of this region (Saitoh and Schwartz, 1985; Lai et al., 1986; Miller and Kennedy, 1986; Schworer et al., 1986) . In sequential steps, additional autophosphorylations may occur in the absence of Ca 2+ /CaM at either Thr305 or Thr306, both located at the carboxy-proximal part of the Ca 2+ /CaM regulatory domain. These phosphorylations block both rebinding and reactivation by Ca 2+ /CaM (Colbran and Soderling, 1990; Hanson and Schulman, 1992; Colbran, 1993) . Thus, the two sequential autophosphorylation events of CaMKII generate a totally Ca 2+ /CaM-independent kinase activity, which may prolong the activation period beyond the point at which intracellular calcium concentrations return to normal levels. Interestingly, autophosphorylation of CaMKII at Thr286 was shown to be required for long-term potentiation and learning capability in mice, further stressing the biological importance of these post-translational modi®cations (Giese et al., 1998) . A positive autophosphorylation within the Ca 2+ /CaM regulatory domain was also documented in smooth muscle MLCK (smMLCK) at Thr803, which converts the catalytic activity into a Ca 2+ /CaM-independent state. Here again, sequential autophosphorylations on Ser815 and Ser823 interfere with the rebinding of CaM (Tokui et al., 1995; Abe et al., 1996) .
Being a pro-apoptotic kinase, DRP-1 is expected to be catalytically silent in growing cells and to be activated when necessary in a tightly controlled manner. In this work we speci®cally addressed the question of whether phospho-regulatory events may dictate the cell-deathpromoting effects of DRP-1. Surprisingly, we identi®ed a mechanism of negative autophosphorylation, which is rather unique and novel in the ®eld of CaM-regulated kinases. It was found that in the absence of Ca 2+ /CaM, DRP-1 displayed unexpectedly high basal levels of autophosphorylation. The latter was strongly inhibited by Ca 2+ /CaM concentrations that fully activate the enzyme, suggesting inverse relationships between autophosphorylation and substrate phosphorylation. The autophosphorylation site was mapped to Ser308 in the Ca 2+ /CaM regulatory domain by point mutations and by mass spectrometry. A mutation that mimicked phosphorylation on Ser308 (i.e. substitution to aspartic acid) abrogated the ability of DRP-1 to induce apoptosis, while the reciprocal serine to alanine substitution (which mimics the dephosphorylated state) gave rise to a`super-killer' mutant. This proved the biological importance of this single negative autophosphorylation, which restrains the apoptotic features of the protein. At the biochemical level, the substitution of Ser308 to aspartic acid decreased the binding af®nity to CaM, leading to reduced substrate phosphorylation at limiting CaM concentrations. In parallel, it also inhibited DRP-1 homodimerization. Conversely, mimicking dephosphorylation by the substitution of Ser308 to alanine increased the binding af®nity to CaM and elevated the abundance of dimers and higher oligomeric forms of DRP-1. These experiments prove that Ser308 dephosphorylation and DRP-1 dimerization are interconnected and control the CaM responses and enzyme activation. Interestingly, in response to the external apoptotic signals of Fas or TNF-a, DRP-1 autophosphorylation was reduced and dimerization was increased, suggesting that these two interconnected events are targets for regulation. Further analysis of DRP-1 mutants capable of dissecting between phosphorylation and dimerization events, combined with molecular modelling of the catalytic domain, established a novel concept of a safetỳ double locking' mechanism for silencing the kinase. It implies that the process of enzyme activation is unique and depends on two unlocking steps. One comprises the relief of the CaM regulatory domain from the catalytic cleft, where it was buried via its negative charge, and the second is the homodimerization process that unexpectedly displays its own positive contribution to CaM binding. Each of these two steps is necessary, yet not suf®cient by itself to activate the enzyme. We propose that this unique double locking mechanism evolved in this pro-apoptotic kinase to prevent inappropriate activation, which may be hazardous to cells.
Results

DRP-1 autophosphorylation is inhibited by
Ca 2+ /CaM and is inversely correlated with MLC phosphorylation In search of possible phospho-regulatory events that may affect the death-associated kinase activity of DRP-1, its phosphorylation state was examined in vitro under different conditions. To this end, wild-type DRP-1, immunoprecipitated from extracts of transiently transfected 293 cells, was subjected to an in vitro kinase assay, using MLC as an exogenous substrate. The assay was performed either in the presence of Ca 2+ /CaM or in their complete absence (the Ca 2+ chelator EGTA was added instead). The ability of DRP-1 protein to phosphorylate an exogenous substrate (MLC) was highly dependent on the presence of Ca 2+ / CaM (Figure 1A and D) . This stood in sharp contrast to the phosphorylation of the DRP-1 protein itself, which was largely inhibited by Ca 2+ /CaM ( Figure 1A and C). The latter resulted exclusively from autophosphorylation based on the fact that a catalytically inactive mutant of DRP-1, in which a critical lysine at position 42 was substituted to alanine (named K42A), was completely silent in these in vitro kinase assays ( Figure 1B) . Thus, the autophosphorylation activity of DRP-1 in these in vitro kinase assays appeared to be inversely correlated with the substrate phosphorylation activity. This prompted us to investigate further the possibility of an auto-inhibitory effect of the DRP-1 autophosphorylated site(s) on its ability to phosphorylate exogenous substrates and to study the relevance of such regulation in the apoptotic process.
Mapping the DRP-1 autophosphorylation site(s) and analysing its relevance in apoptosis Initially, two C-terminally truncated DRP-1 deletion mutants (DRP-1D40 and D73 mutants; Figure 2 ) were used to grossly map the region spanning the autophosphorylated site(s). The exact truncation sites were set according to the homology between DRP-1 and its closely related protein DAPk, and according to the boundaries of the Ca 2+ /CaM regulatory domain in other kinases (Figure 2) . Interestingly, while removal of the 40 terminal amino acids of DRP-1 (D40 DRP-1) did not interfere with autophosphorylation, removal of 33 additional amino acids (D73 DRP-1), which comprise a Ca 2+ /CaM regulatory domain, abrogated DRP-1 autophosphorylation ( Figure 1A and C) . Hence, the predominant autophosphorylation site(s) lies within this 33-amino-acid stretch. As expected, the removal of this 33-amino-acid stretch released the kinase from its dependence on Ca 2+ / CaM, enabling MLC phosphorylation even in the presence of the Ca 2+ chelator EGTA ( Figure 1A and D) .
Next, we set out to identify the exact autophosphorylation sites. To this end, the CaM regulatory domain of DRP-1 was aligned with CaM regulatory domains of other CaM-binding kinases, including DAPk, smMLCK, CaMKI and CaMKII. This alignment revealed ®ve conserved serine/threonine residues within this region, as tentative autophosphorylation sites (Figure 2 ). In order to distinguish which of these ®ve candidate residues is the predominant autophosphorylation site, each was systematically substituted to alanine by site-directed mutagenesis, resulting in ®ve new point mutation constructs: S289A, S308A, S310A, S313A and T319A. When tested for kinase activity in vitro, four of the mutants, S289A, S310A, S313A and T319A, continued to undergo Locking DRP-1 activity by autophosphorylation autophosphorylation in the absence of Ca 2+ /CaM, and, like the wild-type protein, their autophosphorylation was inhibited by Ca 2+ /CaM. In contrast, the substitution of Ser308 to alanine abolished the Ca 2+ /CaM-independent autophosphorylation, suggesting that Ser308 is the predominant autophosphorylation site, which is inhibited by Ca 2+ /CaM ( Figure 3A and B). These experiments also suggested the existence of a second site (yet minor under the in vitro conditions) that is rather subjected to Ca 2+ / CaM-dependent autophosphorylation. The latter was based on the observation that the residual autophosphorylation observed in the presence of Ca 2+ /CaM was still apparent in the S308A mutant, which had lost the Ca 2+ / CaM-independent autophosphorylation ( Figure 3A and B) .
In parallel to the mutation study, DRP-1 tryptic peptides were analysed by liquid chromatography±mass spectrometry with the intention of identifying the phosphorylation sites by a second independent approach. The analysis was done on the in vitro phosphorylated protein that was eluted from the immunoprecipitates after the kinase reaction (the assay was performed in the presence of EGTA under the conditions described in Figures 1A and 3A) . The full mass spectrum in Figure 3D identi®ed a peptide whose mass (1021) corresponded to a phosphorylated form of the 305±320 peptide. The collision-induced dissociation (CID) of this peptide further established its identity and was used to determine the exact position of the phosphate. This analysis proved unequivocally that Ser308 was the exclusive site of phosphorylation in this peptide ( Figure 3E ).
Obviously, the major interest was to test whether the substitution of serine to alanine at position 308 might affect its capability to execute apoptosis in vivo. To this aim, the ®ve point mutation constructs were co-transfected into 293 cells together with green¯uorescent protein (GFP), as a marker for the transfected cells. Eighteen hours later the percentage of apoptotic cells within the GFPpositive cell population was scored based on morphological alterations (Inbal et al., 2000) . While most of the DRP-1 point mutations gave rise to apoptotic scores similar to that of the wild-type DRP-1 protein (35±45% cell death), introduction of the S308A mutant resulted in a signi®cantly higher apoptotic score (~70%) ( Figure 4A ). Thus, the prevention of Ser308 phosphorylation, via point mutation, stimulated the apoptotic effects of DRP-1, suggesting that autophosphorylation on this site may negatively affect the death-promoting functions of DRP-1. Mechanistically, the enhanced killing effects could result from stimulation of the catalytic activity, in light of the previously established link between cell death and the enzymatic activity of DRP-1 (Inbal et al., 2000) . Yet, when exposed in vitro to a large excess of CaM (1 mM), the catalytic activity of the S308A mutant towards MLC did not differ substantially from that of the wild-type protein or of the other mutants ( Figure 3A and C). This directed our subsequent research interest into a more detailed and comprehensive biochemical study of the DRP-1 protein, trying to de®ne the precise features that may be regulated by this unique type of negative autophosphorylation on Ser308.
Dephosphorylation of Ser308 enhances oligomerization of DRP-1 Previously we have shown by co-immunoprecipitation assays that DRP-1 undergoes homodimerization, a process that requires the presence of its C-terminal 40-amino-acid tail (Inbal et al., 2000) . Consistent with these early observations, when full-length DRP-1 was ectopically expressed and analysed on western blots, a faint band at 86 kDa, corresponding to the size of a dimer, was detected in addition to the major 42 kDa protein ( Figure 4B and C). This indicated that the dimer is quite stable, as traces could still be detected under the denaturing conditions of boiling in the presence of sample buffer. (A) DRP-1 and its point mutation constructs were expressed and imunoprecipitated with anti-HA antibodies. The proteins were then assayed in vitro for kinase activity (autophosphorylation and MLC phosphorylation) in the presence or absence of Ca 2+ /CaM as described in Figure 1A. (B and C) Bars showing the relative amount of autophosphorylation and MLC phosphorylation by DRP-1 point mutations in the presence or absence of Ca 2+ /CaM, after normalizing to protein expression levels as described in Figure 1C Surprisingly, we noticed that the band corresponding to the DRP-1 dimer was substantially enhanced as a result of the S308A point mutation ( Figure 4B ). In contrast, none of the other four serine to alanine substitutions changed the relative dimer levels substantially ( Figure 4C ). This raised an interesting possibility that the dephosphorylation of Ser308 may contribute to elevation of DRP-1 dimerization.
The dimerization status of DRP-1 and of the relevant mutants was then directly tested using size fractionation by gel ®ltration. To this end, we ®rst utilized a Superdex 75 column to separate wild-type, D40 and S308A DRP-1 forms overexpressed in 293 cells, according to their molecular weights. The peak of wild-type DRP-1 eluted in fraction 11, which corresponds to~80 kDa, while the major peak of D40 mutant eluted in fraction 14, which corresponds to~40 kDa ( Figure 5 ). Therefore, it is concluded that while a major portion of wild-type molecules exists in a dimeric form, the D40 mutant, which lacks the C-terminal tail, is mainly a monomer, as expected. Interestingly, the elution pro®le of the S308A point mutant displayed a clear leftward shift towards the higher molecular weight complexes as compared with the wild-type protein ( Figure 5 ). This means that, on the one hand, the serine to alanine substitution reduced the monomeric fraction detected in the wild-type form (fraction 14), and on the other hand, it induced the formation of higher molecular weight forms that are not present in wild-type DRP-1 (fraction 8 in Figure 5 ). The S308A mutation therefore seemed to increase DRP-1 oligomerization. The precise size of the larger complexes could not be determined in these fractionation pro®les since the resolution of the Superdex 75 column is maximal in the range 20±80 kDa and is rather poor at the higher molecular weights. Also, the size of a minor peak, which was detected in the case of D40 mutant at the high molecular weight fraction, could not be determined in these elution pro®les for the same reason. In order to improve the fractionation resolution at the higher molecular weight range, the mutant DRP-1 forms were run on a Superose 12 column, whose maximal resolution is in the range 100±200 kDa. Under these conditions, the higher molecular weight forms of the S308A mutant eluted at 150 kDa, which may correspond to a trimer, a tetramer or other protein complexes (not shown). They clearly differed in their elution pro®le from the minor population of high molecular weight forms detected in the D40 mutant, whose precise size and nature will be investigated in future experiments.
Negative charge in the critical residue at position 308 abrogates the death-promoting effects of DRP-1 To measure the effect of phosphorylation at position 308 on DRP-1's apoptotic activity, a point mutation that mimics a constantly phosphorylated DRP-1 form was generated by mutating Ser308 to aspartic acid (S308D). This point mutation was previously shown to mimic the phosphorylated state in other proteins, as it imposes a negative charge at the site of interest (Fong and Soderling, 1990; Haribabu et al., 1995; Watanabe et al., 1996) . The ability of this`constitutively phosphorylated' DRP-1 mutant to induce apoptosis was monitored as before and compared with the other DRP-1 mutants ( Figure 6A ). It was veri®ed that the various DRP-1 forms were expressed at similar levels in these assays by western blotting against a common haemagglutinin (HA) tag ( Figure 6B ). Furthermore, blotting of the same membrane with anti-GFP antibodies provided an estimate of the proportion of the transfected cell lysate material in each lane ( Figure 6C) . Interestingly, the serine to aspartic acid substitution abolished the apoptotic activity ( Figure 6A ). In fact, the apoptotic scores were even lower than those observed upon transfections with the dimerization-de®cient D40 mutant. Thus, an imposed negative charge at position 308 turns off the apoptotic functions of DRP-1 completely, suggesting that dephosphorylation of this serine is necessary for DRP-1-induced apoptosis. Consistent with this conclusion, the reciprocal mutation, S308A, which mimicked the dephosphorylated state, increased the extent of cell death in these experiments (as also shown in Figure 4A ). Interestingly, when the serine to alanine substitution was carried out in DRP-1 protein that lacks the C-terminal 40 amino acids (a double mutant named D40 S308A), the apoptotic score was still minimal ( Figure 6A ). In other words, this point mutation was not capable of overcoming the inability of the D40 mutant to induce apoptosis, suggesting that dimerization is also a necessary condition, and in its absence the dephosphorylation at Ser308 is not suf®cient to induce apoptosis.
Dephosphorylation of S308 and homodimerization both increase the binding af®nity of DRP-1 to CaM To test whether the different mutants differ in their CaM sensitivity, a series of kinase assays, using decreasing concentrations of CaM (1 mM, 100 nM, 10 nM, 1 nM, 0.1 nM and EGTA), were performed with wild-type DRP-1, D40, S308A and S308D mutants ( Figure 7A ). Interestingly, signi®cant differences in the ability to phosphorylate MLC emerged at the low CaM concentrations. The serine to alanine substitution at position 308 increased the sensitivity of the enzyme to CaM, a feature that could be detected exclusively at low concentrations of CaM (0.1±1 nM). Conversely, the substitution to aspartic acid dramatically reduced the sensitivity to CaM so that even within the range of 10±100 nM CaM, the enzyme was poorly activated (Figure 7A ). At a large excess of CaM (1 mM) the differences were abolished. When the immunoprecipitates used in Figure 7A were resolved by SDS±polyacrylamide gel fractionations, it was found that the faint band at 86 kDa, which corresponds to traces of the dimeric DRP-1 forms that resist denaturation, was completely abolished in the S308D mutant (in contrast to its increase in the S308A mutant; Figure 7C ). To assess more directly the effect of the two mutations at position 308 on the dimerization status of DRP-1, the chemical tool of protein cross-linking with glutardialdehyde was undertaken. The cross-linking agent was added to cell lysates that were prepared from cells transfected with wild-type DRP-1 or with one of the two reciprocal mutants, S308A and S308D. The proteins were thereafter resolved on gels, western blotted and reacted with anti-HA antibodies. It was found that while the S308A DRP-1 mutant migrated exclusively as a dimer, the S308D mutant failed to undergo cross-linking and appeared mainly as a monomer ( Figure 7D ). Wild-type DRP-1 displayed both forms; the levels of homodimers exceeded the monomeric levels, consistent with the gel size fractionations shown in Figure 5 . Thus, the cross-linking experiments provide an independent support that wild-type DRP-1 protein undergoes homodimerization, and speci®cally show that a Locking DRP-1 activity by autophosphorylation negative charge at position 308 strongly interferes with this process. The question was then whether the negative effect on dimerization may be responsible for the decreased sensitivity to CaM.
It was found that the mere removal of the C-terminal tail (required for dimerization) from the wild-type protein (D40 mutant), also decreased the sensitivity to low concentrations of CaM, thus establishing independently that lack of dimerization reduced the responses to CaM ( Figure 7A ). Yet, the effect caused by removal of the tail was much milder when compared with the S308D mutation (it was detected exclusively within the 0.1±1 nM range). This further suggests that the negative charge introduces a second barrier to the catalytic activity, in addition to its inhibitory effects on dimerization, constituting altogether a double locking mechanism. Samples of clari®ed cell extracts (20 mg; 2 mg/ml) were subjected to cross-linking with glutardialdehyde as described in Materials and methods, then separated on gels and western blotted. Another sample from each extract (10 mg) was run in parallel without a prior cross-linking (TCL, total cell lysate). The immunoblots were reacted with anti-HA antibodies. The cross-linked dimer runs faster than predicted due to the globular conformation maintained by the cross-linking agent. In parallel to the kinase assays, the binding of the DRP-1 mutants to 35 S-labelled CaM was determined directly. The D73 mutant, which lacks the CaM-binding region, served to assess the non-speci®c background in these binding assays. It was found that the S308D mutant displayed the lowest CaM-binding capability, as detected in both assay conditions performed in the presence of 2 and 200 nM CaM, respectively ( Figure 7B) . Again, the deletion of the tail had milder consequences, since the D40 mutant displayed a weaker binding activity than the wild-type protein only at low CaM concentrations (2 nM); under these conditions the S308A mutant bound substantially more CaM ( Figure 7B) . Thus, the pattern of CaM binding to the different mutants was found to correlate with the catalytic activity of these mutants. Together, the assays for CaM sensitivity and CaM binding combined with the cross-linking data of the different mutants suggest that phosphorylation at position 308 reduces the catalytic activity by affecting both the binding af®nity to CaM and the status of homodimerization, which by itself contributes to CaM binding.
DRP-1 protein undergoes dephosphorylation in vivo upon FAS and TNF-a treatment
It was important to ®nd out ®rst whether Ser308 serves as an autophosphorylation site in vivo. To this end, wild-type, S308A and K42A DRP-1 forms, overexpressed in 293 or HFB cells (HeLa cells that stably express the Fas receptors), were labelled in vivo. Cells transfected with the above DRP-1 constructs were labelled with [ 33 P]orthophosphate and the ratio of phosphorylation intensity to protein level was calculated. In both cell types S308A showed~40% reduction in its phosphorylation level compared with the wild type, indicating that S308 serves as a phosphorylation site in vivo ( Figure 8A and B) . The catalytically inactive K42A DRP-1 displayed~27% of the wild-type phosphorylation level. The latter further implied that while most of the in vivo phosphorylation events within the wild-type DRP-1 protein are due to autophosphorylation, a fraction may result from phosphorylation in trans by other kinases and may partially contribute to the residual S308A labelling.
Mass spectrometric analysis was then performed again to con®rm more directly that Ser308 is also a target for phosphorylation in vivo. The tryptic peptide analysis of DRP-1 was carried out right after the immunoprecipitation of the protein from growing HeLa cells as described in Materials and methods. It showed that peptide 307±320 appeared in non-phosphorylated and phosphorylated forms ( Figure 8B ). The CID analysis of the peptide whose mass corresponded to 835 proved the existence of a single phosphorylation site in this peptide, mapped most likely to Ser308 ( Figure 8C ).
Next, we asked whether Ser308 is subjected to dephosphorylation in cells as part of DRP-1 activation by apoptotic triggers. To this end, we checked whether activation of TNF-a or Fas receptors leads to any change in the extent of DRP-1 phosphorylation. HFB cells were transfected with wild-type or S308A DRP-1 and incubated for 2 h with [ 33 P]orthophosphate. Subsequently, the cultures were treated for an additional 2 h with agonistic anti-Fas antibodies or with recombinant TNF-a plus cycloheximide. The ratio of phosphorylation intensity to protein levels was determined and calculated as described previously. We found that the Fas and TNF-a treatments led to a clear drop in wild-type DRP-1 phosphorylation levels ( Figure 9A ). In contrast, these treatments did not result in any drop in the residual phosphorylation of S308A DRP-1; on the contrary, an elevation in the intensity of phosphorylation at alternative phosphorylation sites was evident instead ( Figure 9B ). Therefore, it is concluded that Ser308 undergoes phosphorylation in vivo, which is further reduced in response to the apoptotic signals imposed by Fas or TNF-a.
Since the dephosphorylation on 308 was interconnected to DRP-1 homodimerization in our study, the possible effect of TNF-a on the dimerization status was further assessed as a second independent measurement. To this end, cell lysates were fractionated on an HPLC size Figure 8B . Again the values in the untreated culture were set as 100%. (C) The different DRP-1 forms (wild type, S308A and S308D) were transfected into HeLa cells; in the case of transfection with wild-type DRP-1, cells were treated for the last 2.5 h with TNF-a before their extraction. Proteins were separated on a TSK-G3000 column and the pattern of elution was assessed by western blotting with anti-HA antibodies. The densitometric quantitation of the western blots is shown; the relative amounts of DRP-1 protein in each fraction out of the total eluted protein are presented. The positions of the monomer and dimer are indicated by arrows.
exclusion column (TSK-G3000). Extracts were prepared from HFB cells expressing the wild-type DRP-1 form, which were either treated with TNF-a or left untreated. It was found that TNF-a treatment increased the relative levels of dimers ( Figure 9C ). As a reference, both the S308A and S308D mutants were fractionated in parallel, showing as expected that dimerization (fraction 7) was increased by the alanine mutation and decreased by the substitution to aspartic acid.
Discussion
Death-promoting kinases need to be tightly controlled in order to prevent inappropriate activation that may have hazardous consequences, on the one hand, and to enable rapid activation in response to the appropriate apoptotic signals, on the other hand. The previous identi®cation of DRP-1 as a Ca 2+ /CaM-regulated kinase suggested that one of its control mechanisms includes the binding to calciumactivated CaM (Kawai et al., 1999; Inbal et al., 2000) . This meant that the transient calcium spike arising in response to a variety of apoptotic stimuli could be one of the participants in the process of catalytic activation. Here we report, for the ®rst time, on the identi®cation of an autoinhibitory phosphorylation event in DRP-1 with critical functional implications. At the cellular level, it restrains the pro-apoptotic features of DRP-1, and becomes a target for regulation when cell death is triggered by external stimuli. At the molecular level, the removal of this negative autophosphorylation must work in concert with DRP-1 homodimerization to elevate the binding af®nity to CaM. Thus, phosphorylation at this site introduces a novel type of locking mechanism, previously uncharacterized in the ®eld of CaM-regulated kinases, which prevents inappropriate activation of the catalytic activity at suboptimal Ca 2+ /CaM concentrations.
The functionally important autophosphorylation site was mapped in this work to Ser308, which resides in the CaM-binding domain of DRP-1. In vitro kinase assays demonstrated that this autophosphorylation was inhibited by high concentrations of Ca 2+ -activated CaM. This is consistent with a model in which binding of CaM pulls away the CaM regulatory domain from the catalytic cleft, including, most probably, the region where Ser308 resides (Lou and Schulman, 1989; Kemp et al., 1991; Knighton et al., 1992; Soderling, 1999) . Under these conditions of inhibited autophosphorylation, an exogenous substrate was maximally phosphorylated, indicating that Ser308 phosphorylation differs from previously described phosphorylation events in other CaM kinases that were shown to positively regulate substrate phosphorylation. Thus, the concept of negative autophosphorylation was proposed with respect to this site in DRP-1. It was found that substitution of Ser308 to alanine or to aspartic acids, mimicking either constitutively dephosphorylated or phosphorylated states, respectively, signi®cantly affected the ability of DRP-1 to induce apoptosis when ectopically expressed in cells. While imposed dephosphorylation of Ser308 led to a super-killing kinase, imposed phosphorylation abrogated its ability to kill cells completely. Thus, phosphorylation of Ser308 is auto-inhibitory to DRP-1's pro-apoptotic function.
The model structure of the kinase domain of DRP-1 is presented in Figure 10A together with the bound peptide derived from the CaM regulatory domain. It suggests that Ser308 is buried in the kinase active site in the proximity of the ATP-binding loop at a distance that is optimal for the phospho-transfer step. In addition, the active site of the kinase is characterized by a positive charge potential, which can further stabilize the binding of the phosphorylated peptide. As shown in Figure 10A , the peptide binds in the active site with Ser308-PO 3 positioned next to the ATP-binding P-loop, so that the phosphate moiety interacts favourably with this loop and with the positively charged Lys141. Thus, Ser308 phosphorylation might stabilize a`locked' conformation of the kinase. Locking the catalytic activity by a constitutive phosphorylation, which reduces the accessibility of CaM, is one of the novel layers of regulation, proposed here, which differs from other auto-inhibitory models known in CaM-regulated kinases up to date. The negative charge may also interfere with the interaction of the CaM-binding segment with the CaM molecule as predicted from the model structure of the CaM-binding segment with CaM, which suggests that Ser308 may reside in a hydrophobic pocket of the latter (not shown). Thus, the relief of the phosphorylated CaMbinding segment by CaM should be further weakened considerably by this property as well. The latter possibility was previously described in other kinases, for example, in the case of Thr305 or Thr306 phosphorylation in CaMKII (Colbran and Soderling, 1990; Hanson and Schulman, 1992) , there is a basic difference in a sense that in the case of CaMKII, the negative autophosphorylation is not part of a constitutive mechanism that continuously silences the kinase, but it rather terminates a previous CaM-activated signal. In addition, it only corresponds to~4% of the total Ca 2+ /CaM-dependent autophosphorylation at these sites (Colbran, 1993) . Experimentally, the reduced CaM binding was shown here either directly, by measuring the binding of 35 S-labelled CaM to the recombinant proteins ( Figure 7B ), or indirectly, by measuring MLC phosphorylation under rate-limiting CaM concentrations ( Figure 7A ). The DRP-1 mutants carrying a serine to aspartic acid substitution displayed 100-fold lower af®nity to CaM than wild-type protein.
In addition, we studied in this work the regulation of DRP-1 by homodimerization through its C-terminal 40-amino-acid tail. We asked whether homodimerization, like dephosphorylation, also regulates DRP-1 activation, by controlling the CaM responses. First, we established, by size fractionations, that a major portion of the ectopically expressed D40 DRP-1 mutant is indeed in a monomeric 40 kDa state. This contrasted with the wild-type protein, in which the balance between the forms (when overexpressed) was shifted towards dimers. Then, by utilizing direct CaM binding and in vitro MLC phosphorylation assays, we found that D40 DRP-1 mutant displayed lower activity than the wild-type protein when exposed to low suboptimal CaM concentrations. Thus, the inability to dimerize properly negatively affected the binding af®nity to CaM (see the summary in Figure 10B ). This introduces a second, previously uncharacterized layer of regulation, in which the dimerization affects the binding to CaM, by imposing, for example, a conformational change in the CaM regulatory segment that facilitates the interactions with the CaM molecule.
Another unexpected twist in these studies emerged once we found that the S308A mutation actually enhanced the conversion of DRP-1 protein into higher oligomeric forms. This further suggested that these two parameters are biochemically linked to each other and that the phosphorylation at position 308 may prevent the appropriate exposure of the dimerization domains for interaction with each other (see a tentative model in the scheme in Figure 10B ). Overall, a simple interpretation would be that dephosphorylation and homodimerization are sequential steps of a single activation pathway, i.e. the contribution of dephosphorylation to CaM binding takes place exclusively through its effects on dimerization. Yet, once we increased the resolution of our biochemical analysis using a set of DRP-1 mutants, it was clear that the negative charge has an additional, dimerization-independent effect on CaM binding, raising the double locking concept, which is based on two cooperative events. It was found that although S308D substitution and the tail deletion mutant each prevented dimerization, the former had a much more dramatic effect on the binding af®nity to CaM ( Figure 10B ). This means that inhibition of dimerization and its associated effects on CaM binding are not suf®cient by themselves to get maximal effects. The electrostatic interactions that bury the CaM regulatory segment in the catalytic cleft, as previously discussed ( Figure 10A ), must work in concert to provide an ef®cient double locking mechanism. Consistently, cooperative interactions are also required for the unlocking process. Thus, the S308À activating mutation' was not effective in apoptosis in the absence of the C-terminal tail, suggesting that removal of negative charge is not suf®cient by itself, and emphasizing the necessity of dimerization for apoptotic activation. Additionally, we found that another mutation, S308E, which still retained its capability to dimerize, displayed a reduced CaM-binding af®nity (data not shown), suggesting that dimerization is also not suf®cient by itself to unlock the catalytic activity as long as some negative charge is still present at position 308. Thus, the interconnected dephosphorylation and dimerization events must cooperate to unlock the catalytic activity.
Upon triggering of death signalling by anti-Fas agonistic antibodies or by the addition of TNF-a, the restraints imposed by the negative autophosphorylation are removed. This is achieved by Ser308 dephosphorylation, probably via a speci®c as yet unidenti®ed phosphatase. It results in a protein that displays increased tendency to dimerize and that according to our biochemical analysis should be much more sensitive to activation by Ca 2+ /CaM. Elevated sensitivity to CaM may facilitate`sensing' of the Ca 2+ spike, which usually accompanies an apoptotic signal, for example, by widening the window of DRP-1 activation beyond the time where intracellular Ca 2+ concentrations are maximal. Alternatively, it may serve as a bypass mechanism that enables DRP-1 activation at basal Ca 2+ levels. Thus, the dephosphorylation of Ser308 seems to be a major target for DRP-1 activation during apoptosis.
Finally, it should be mentioned that additional sites on DRP-1 undergo phosphorylation, in correlation with the activated form of DRP-1 kinase. These phosphorylation events can be detected in vitro in the presence of Ca 2+ / CaM, although to a much lesser extent than Ser308 autophosphorylation. Death-associated phosphorylations on residues other than Ser308 that are enhanced by treatment with Fas and TNF-a have also been detected in vivo, when the S308A-activated mutant was compared with the wild-type protein. Further research should be invested in order to elucidate these sites and their functional implications.
Materials and methods
DNA constructs
Wild-type, K42A and deletion mutants of DRP-1 were expressed from pcDNA3-HA vector as previously described (Inbal et al., 2000) . Point mutations were introduced in wild-type DRP-1-containing plasmid, by the QuikChangeÔ Site-Directed Mutagenesis Kit (Stratagene), using a set of primers encompassing the inserted point mutations, to generate S308A, S308D and S308E. DRP-1 K42A-FLAG was generated as previously described (Inbal et al., 2000) .
Cell lines, transfections and apoptotic assays 293 embryonic kidney or HFB cells were grown in Dulbecco's modi®ed Eagle's medium (Biological Industries) supplemented with 10% fetal calf serum (Bio-Lab). For transient transfection, 1 Q 10 5 , 1 Q 10 6 or 4.5 Q 10 6 cells were seeded on 6-well, 9 cm or 15 cm plates, respectively, 1 day prior to transfection. Transfections were carried out using the calcium phosphate method for 293 cells, or with Superfect transfection reagent (Qiagen) according to the manufacturer's instructions, in HFB cells. For cell death assays, a mixture containing 2 mg (Figure 4 ) or 5 mg (Figure 7 ) of cell-death-inducing plasmids (pcDNA3 expressing the different DRP-1 constructs) and 0.5 mg of pEGFP-NI plasmid (Clontech) was used. For each transfection, three ®elds, each consisting of at least 100 GFP-positive cells, were scored for apoptotic cells according to their morphology. At the indicated time point cell lysates were prepared from the transient transfections for protein analysis.
Cell lysates and immunoprecipitations
Cells were washed with phosphate-buffered saline and lysed in cold B-buffer [100 mM KCl, 0.5 mM EDTA, 20 mM HEPES±KOH pH 7.6, 0.4% NP-40, 20% glycerol, 1 mM dithiothreitol (DTT)], protease inhibitors: 4 mg/ml aprotinin, 5 mg/ml pepstatin A, 5 mg/ml leupeptin, 1 mM phenylmethylsulfonyl¯uoride, and phosphatase inhibitors: 1 mM NaF, 10±50 mM b-glycerol phosphate and 200 nM okadaic acid when indicated ( Figure 9C ). A second extraction buffer used was PLB (10 mM NaH 2 PO 4 pH 7.5, 100 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate and 5 mM EDTA) supplemented with protease and phosphatase inhibitors. For immunoprecipitation experiments, 1 mg of protein extract was pre-cleared by protein G±PLUS-Agarose beads (Santa Cruz Biotechnology) for 2 h at 4°C. The pre-cleared extracts were incubated with the beads and with 20 ml of anti-HA monoclonal antibodies (16B12; BabCO) for 2 h at 4°C. Immunoprecipitates were washed repeatedly three times with B-buffer or PLB and twice with kinase buffer. Where indicated, the proteins were eluted by addition of 50 ml of HA peptide (500 ng/ml) (BabCO).
In vitro kinase assay 293 cells were transfected with various HA-tagged DRP-1 constructs, immunoprecipitated as described above and washed with kinase reaction buffer (50 mM HEPES pH 7.5, 20 mM MgCl 2 and 0.1 mg/ml bovine serum albumin). The proteins bound to the beads were incubated for 9 min (Figure 1 ) or 5 min (Figure 3 ) at 30°C in 50 ml of reaction buffer containing 15 mCi of [g-32 P]ATP (3 pmol), 50 mM ATP, 4 mg of chicken gizzard MLC (Sigma), and either 1 mM bovine CaM (Sigma) and 0.5 mM CaCl 2 , or 4 mM EGTA. Protein sample buffer was added to terminate the reaction, and after boiling, the proteins were analysed on 11% SDS±PAGE. The gel was blotted onto a nitrocellulose membrane and 32 P-labelled proteins were visualized by autoradiography and quanti®ed by PhosphorImager densitometric analysis.
Mass spectrometric analysis
Cell cultures (4.5 Q 10 6 cells per 15 cm plates) were transfected with wild-type DRP-1 (40 mg into 293 cells and 1.5 mg into HeLa cells for the experiments described in Figures 3D and 8B, respectively) . Cell extracts were prepared 22 h post-transfection and the ectopically expressed DRP-1 was immunoprecipitated with anti-FLAG antibodies coupled to agarose beads (M2 af®nity gel; Sigma). In the experiment described in Figure 3D , the immunoprecipitated protein was subjected to in vitro kinase assay in the presence of EGTA, as described above. Subsequently, DRP-1 protein was eluted from the Sepharose beads by adding an excess of FLAG peptide (incubation with 1 mg/ml peptide for 1 min at 25°C). The eluted protein was subjected to reduction with 10 mM DTT, modi®cation with 100 mM iodoacetamide in 10 mM ammonium bicarbonate, and trypsinization with 100 nM ammonium bicarbonate containing~1 mg of trypsin per sample. In the experiment described in Figure 8B , the immunoprecipitated protein was immediately separated by SDS±PAGE followed by Coomassie Blue staining and in gel proteolysis. The stained protein bands in the gel were cut with a clean razor blade and the proteins in the gel were reduced with 10 mM DTT and modi®ed with 100 mM iodoacetamide in 10 mM ammonium bicarbonate. The gel pieces were treated with 50% acetonitrile in 10 mM ammonium bicarbonate to remove the stain from the proteins followed by drying the gel pieces. The dried gel pieces were rehydrated with 10 mM ammonium bicarbonate containing~1 mg of trypsin per sample. The gel pieces were incubated overnight at 37°C and the resulting peptides were recovered with 60%
Locking DRP-1 activity by autophosphorylation acetonitrile with 0.1% tri¯uoroacetate. The tryptic peptides were resolved by reverse-phase chromatography on 0.075 Q 300 mm fused silica capillaries (New Objective, PicoTip) home-®lled with porous R2 (Persepective). The peptides were separated by an 80 min linear gradient of 5±95% acetonitrile in 0.1% acetic acid at a¯ow rate of~1 ml/min. The liquid from the column was electrosprayed into an ion-trap mass spectrometer (LCQ, Finnigan, San Jose, CA). Mass spectrometry was performed in the positive ion mode using a repetitively full mass spectometry scan followed by CID of the potential DRP-1 peptides. The mass spectrometry data were compared with simulated proteolysis and CID of the DRP-1 protein using the Sequest software (J.Eng and J.Yates, University of Washington and Finnigan, San Jose).
Analysis of DRP-1 by gel ®ltration 293 cells (4.5 Q 10 6 ) were plated on 15 cm plates and transfected with 40 mg of DNA from the speci®ed constructs. At 22 h post-transfection, cells were collected and proteins were extracted using B-buffer supplemented with protease and phosphatase inhibitors (Sigma) at 4°C. The extracts were then sonicated to break nucleic acids, and spun for 20 min at 13 000 g to remove insoluble material. Four milligrams of each sample were run on either Superdex 75 or Superose 12 gel-®ltration columns (Pharmacia), previously equilibrated with running-buffer (20 mM HEPES pH 7.5, 20 mM MgCl 2 , 50 mM KCl and 10% glycerol) supplemented with protease and phosphatase inhibitors (Sigma) at 4°C. The columns were run at 0.25 ml/min, collecting 0.4 ml fractions. Analysis of the various fractions was carried out using anti-HA western blot analysis as described above. For determining molecular weight sizes the following markers (Sigma) were run in the same conditions on both columns: dextran blue, b-amylase, alcohol dehydrogenase, bovine serum albumin and carbonic anhydrase, at 2000, 200, 150, 66 and 29 kDa, respectively.
Analysis of DRP-1 by size exclusion HPLC HeLa cells (4.5 Q 10 6 ) were plated on 15 cm plates and transfected with 9 mg of DNA from each of the speci®ed constructs (wild type, S308A, S308D). At 15.5 h post-transfection, the cells that were transfected with wild-type DRP-1 were either treated with a combination of cycloheximide (CHX, 10 mg/ml; Sigma) and TNF-a (50 ng/ml; R&D systems Inc.), or left untreated. At 18 h post-transfection, cells were collected and proteins were extracted using B-buffer supplemented with protease and phosphatase inhibitors (Sigma) at 4°C. The extracts were then sonicated and cleared by centrifugation for 1 h at 100 000 g. Each extract sample (2.25 mg) was run on a TSK-G3000-SW column (TosoHaas), previously equilibrated with running-buffer (50 mM phosphate buffer pH 7.0, 150 mM NaCl and 10 mM b-glycerol phosphate). The column was run at 1 ml/min, collecting 1 ml fractions. Analysis of the various fractions was carried out using anti-HA western blot analysis as described above. For determining molecular weight sizes the following markers (Sigma) were run in parallel: dextran blue, b-amylase, alcohol dehydrogenase, bovine serum albumin and carbonic anhydrase, at 2000, 200, 150, 66 and 29 kDa, respectively.
CaM-binding assay 293 cells were transfected with various HA-tagged DRP-1 mutants (40 mg of DNA). Proteins were extracted in B-buffer and immunoprecipitated as indicated above. 1/25 or 1/9 of the total immunoprecipitated protein was incubated for 1.5 h at 30°C with 200 or 2 nM of recombinant 35 S-labelled CaM in CaM-binding buffer (50 mM Tris pH 7.5, 150 mM NaCl and 1 mM CaCl 2 ), respectively. The proteins were washed ®ve times (5 min each) in CaM-binding buffer, and 1 ml of scintillation¯uid (Ultima gold, Packard) was added to each point. The bound radioactivity was detected using a standard b-counter.
Cross-linking assays 293 cells were transfected with wild type, S308A or S308D mutants of DRP-1 (a mixture of 3.5 mg of HA-tagged protein plus 3.5 mg of FLAGtagged protein per 15 cm plate). After 18 h, proteins were extracted in B-buffer (without DTT) and extracts were cleared by centrifugation at 100 000 g for 1 h at 4°C. Glutardialdehyde (Sigma) at a ®nal concentration of 0.25% was added to each extract (20 mg; 2 mg/ml) for 15 min at 4°C and the reaction was stopped by addition of sodium borohydride (at a ®nal concentration of 0.2%). After 20 min, the proteins were resolved on gels and western blotted with anti-HA antibodies.
Metabolic labelling of proteins 293 or HFB cells were transfected with DRP-1 mutants as indicated. Twelve hours post-transfection the medium was changed to orthophosphate-depleted medium supplemented with 100 mCi/ml 33 P-labelled orthophosphate (Amersham), and the cells were harvested after 12 h. The proteins were extracted, immunoprecipitated and fractionated on SDS±PAGE, as indicated above. The labelling of DRP-1 proteins was determined by dividing the phosphorylation rate (assessed by densitometry via a PhosphorImager) to the relative amount of protein (assessed by western blotting). When exposed to cytokines, HFB cells were treated with a combination of CHX (10 mg/ml; Sigma) and TNF-a (50 ng/ml; R&D systems Inc.), or a combination of protein A (5 mg/ml; Sigma) and anti-Fas agonistic antibodies (100 ng/ml IgG3), at 2 h after addition of 100 mCi/ml 33 P-labelled orthophosphate. After two additional hours the cells were harvested and protein phosphorylation was assessed as indicated above.
Molecular modelling
A three-dimensional model structure of the kinase domain of DRP-1 was constructed based on the X-ray structure of phosphorylase kinase in complex with a peptide substrate (Lowe et al., 1997) (Protein Data Bank code 2phk). The characteristically conserved residues in the kinase domain were easily identi®ed and used to verify the psi-blast sequence alignment (Altschul et al., 1997) . Hence, despite the low sequence identity (38%) a reliable model could be built. The model was constructed using the Homology module of MSI (MSI, San Diego, CA). It was veri®ed by calculating the 3D±1D self-compatibility score (Luthy et al., 1992) , which was 102.2 (the expected score for a protein of this length is 118.6). The electrostatic potential around the molecule was calculated using the program Delphi (Gilson and Honig, 1988) , with the PARSE set of charges and atomic radii (Sitkoff et al., 1994) . The binding of the peptide to the DRP-1 kinase domain was modelled in analogy to the binding of the peptide substrate to phosphorylase kinase.
